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Abstract
Many molecular and cellular abnormalities detected in the diabetic retina support a role for IL-1b-driven neuroinflammation
in the pathogenesis of diabetic retinopathy. IL-1b is well known for its role in the induction and, through autostimulation,
amplification of neuroinflammation. Upregulation of IL-1b has been consistently detected in the diabetic retina; however,
the mechanisms and cellular source of IL-1b overexpression are poorly understood. The aim of this study was to investigate
the effect of high glucose and IL-1b itself on IL-1b expression in microglial, macroglial (astrocytes and Mu ¨ller cells) and
retinal vascular endothelial cells; and to study the effect of diabetes on the expression of IL-1b in isolated retinal vessels and
on the temporal pattern of IL-1b upregulation and glial reactivity in the retina of streptozotocin-diabetic rats. IL-1b was
quantified by RealTime RT-PCR and ELISA, glial fibrillar acidic protein, a2-macroglobulin, and ceruloplasmin by
immunoblotting. We found that high glucose induced a 3-fold increase of IL-1b expression in retinal endothelial cells
but not in macroglia and microglia. IL-1b induced its own synthesis in endothelial and macroglial cells but not in microglia.
In retinal endothelial cells, the high glucose-induced IL-1b overexpression was prevented by calphostin C, a protein kinase C
inhibitor. The retinal vessels of diabetic rats showed increased IL-1b expression as compared to non-diabetic rats. Retinal
expression of IL-1b increased early after the induction of diabetes, continued to increase with progression of the disease,
and was temporally associated with upregulation of markers of glial activation. These findings point to hyperglycemia as the
trigger and to the endothelium as the origin of the initial retinal upregulation of IL-1b in diabetes; and to IL-1b itself, via
autostimulation in endothelial and macroglial cells, as the mechanism of sustained IL-1b overexpression. Interrupting the
vicious circle triggered by IL-1b autostimulation could limit the progression of diabetic retinopathy.
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Introduction
Despite the improvements in the management of hyperglycemia
and hypertension, most adult with diabetes do not achieve the
target levels of glycemic and blood pressure control [1,2]. For
these reasons, diabetic retinopathy remains a prevalent complica-
tion of diabetes and a leading cause of vision loss and blindness in
the adult population [3]. In order to develop effective treatments
to prevent vision loss in diabetes, there is a need for a better
understanding of the mechanisms linking the diabetic milieu to
retinal damage.
Growing evidence suggest that IL-1b-driven neuroinflammation
could be one such mechanism. Although diabetic retinopathy does
not have the characteristics of an overt inflammatory reaction,
features of neuroinflammation are present in the diabetic retina
[4]. These include macroglial and microglial activation, leukos-
tasis, increased vascular permeability, and increased expression of
cytokines, acute phase proteins, and vasoactive peptides [5–11].
IL-1b is a multifunctional proinflammatory cytokine [12] and
the main trigger of the neuroinflammatory cascade [13]. Release
of IL-1b is one of the earliest events after traumatic and ischemic
brain injures as well as in chronic neurodegenerative diseases.
Once released, IL-1b elicits a multitude of effects on target cells
that lead to and modulate the inflammatory response and tissue
damage [13]. By inducing its own synthesis via autocrine/
paracrine autostimulation IL-1b is not only a trigger but also an
amplifier of inflammation [14–18].
Several observations support a role for IL-1b as a probable
mediator of retinal damage in diabetes. IL-1b is increased in the
retina in experimental diabetes [7,10,19,20], and such increase is
due to increased retinal synthesis [10]. Interleukin converting
enzyme/caspase-1, the enzyme responsible for the production of
biological active IL-1b [12], is activated in the retina in both
human and experimental diabetic retinopathy [21,22]. Intercellu-
lar adhesion molecule-1, the transcription factors CEBP-b and -d,
and other IL-1b-dependent genes are upregulated in the diabetic
retina [10,23]. Mice lacking IL-1 receptor I are protected from the
development of acellular capillaries in diabetes [22].
Monocytes, aortic and retinal endothelial cells, and retinal
Mu ¨ller cells have been reported to upregulate and/or secrete
increased amount of IL-1b when exposed to high glucose in vitro
[24–28]. Although these findings point to vascular endothelial cells
and Mu ¨ller cells as a possible source of increased IL-1b in the
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cells overexpress IL-1b in diabetes. Moreover, the contribution of
microglial cells and astrocytes as a source of IL-1b and the
mechanism of IL-1b upregulation in the diabetic retina remain
unknown.
To identify the cellular source and mechanism of the diabetes-
induced upregulation of IL-1b in the retina we studied the effect of
high glucose and IL-1b itself on the expression of the cytokine in
microglial, macroglial, and retinal vascular endothelial cells; and
the effect of diabetes on the expression of IL-1b in isolated retinal
vessels and on the temporal pattern of IL-1b upregulation and glial
reactivity in the retina of streptozotocin-diabetic rats.
Methods
Ethical Statement
All procedures involving animals conformed to the Association
for Research in Vision and Ophthalmology resolution on the use
of animals in research and were approved by the Animal Use and
Care Committee of the Schepens Eye Research Institute
(Protocols # S-163-0309 and S-189-0411).
Cell isolation and culture
Rat microglial cells (RMG) and astrocytes (RA) were isolated
from 1–3 days old Wistar rats as described by Tham et al. [29] and
Ramsauer et al. [30] respectively. Cerebral cortices were
dissociated by repeated pipetting in ice-cold calcium-free Hanks
balanced saline solution and filtered through a 100 mm nylon
mesh. The dissociated cells were pelleted by centrifugation at
1400 rpm for 5 min, resuspended in 10% FBS-DMEM, and
plated on poly-L-lysine-coated tissue flasks. The medium was
replaced on days 3, 5 and 9 after plating. For isolation of RMG, at
day 13 the flasks were shaken at 100 rpm for 2 h at 37uC. The
supernatant was collected and the detached microglial cells were
pelleted by centrifugation at 3506g for 5 min, resuspended in
10% FBS-DMEM, and plated on poly-L-lysine-coated dishes. For
isolation of RA, at day 10 the flasks were shaken at 200 rpm at
37uC for 2 days and at 100 rpm for 2 additional days. After
washing with PBS, the adherent cell monolayers were trypsinized
and the cells plated on poly-L-lysine coated dishes and cultured in
10% FBS-DMEM. Purity of primary isolates and subcultures was
assessed by CD11b immunostaining and isolectin B4 binding for
microglia and glial fibrillary acidic protein (GFAP) immunostain-
ing for astrocytes (Fig. S1). Rat retinal Mu ¨ller cells (RMC) were
isolated from 6 days old Wistar rats (Taconic Farms, Hudson, NY)
as described by Hicks et al. [31]. After an overnight at room
temperature in the dark in DMEM (Gibco, Life Technologies,
Carlsbad, CA) the enucleated eyes were incubated at 37uC for
30 min in the same medium supplemented with 0.1% trypsin and
70 U/ml collagenase (Sigma, St. Louis, MO). The retinas were
dissected, dissociated by repeated pipetting, and cultured in
DMEM supplemented with 10% FBS for 6 days before the first
medium change. Purity of primary isolates and subcultures was
assessed by vimentin and glutamine synthetase immunostaining
(Fig. S1). Bovine retina endothelial cells (BREC) were isolated and
cultured using procedures optimized to prevent pericyte contam-
ination as previously described [32]. For this purpose, the primary
cultures were subjected to brief trypsinization (90 s at room
temperature) and the detached cells were replated on fibronectin-
coated dishes and cultured in endothelial growth medium (EBM
supplemented with bovine brain extract 1:1000, Lonza, Walkers-
ville, MD) containing 10% horse serum from platelet-poor plasma
(Sigma) [32]. Purity of primary isolates and subcultures was
assessed by von Willebrand factor immunostaining (Fig. S1).
Experiments with RMG were performed with freshly isolated
primary cells, those with RA and RMC with cells at passage 2 to 5,
and those with BREC with cells at passage 4 to 7. All cells were
maintained at 37uC in 5% CO2, 95% air, and media were
changed every 2 days. To study the effect of high glucose, cells
were exposed to either normal glucose (5.5 mM, NG) or high
glucose (25 mM, HG) concentrations for 4 days. Cell cultured in
equimolar mannitol and, in some experiments, L-glucose were
used as control for the effects of hypertonicity. To study the effect
of PKC activation, BREC, grown to confluency in NG medium,
were stimulated with 10 and 30 nM phorbol 12 myristate 13-
acetate (PMA, Sigma) for 4 hours before harvesting [33]. For the
PKC inhibition experiments, BREC were cultured for 4 days in
NG, HG, and HG containing the non-selective PKC inhibitor
calphostin C (50 nM, EMD-Calbiochem, Gibbstown, NJ). To test
for the effect of IL-1b autostimulation, cells were cultured in NG
until confluency and then incubated in serum-free NG medium for
1 day before stimulation with recombinant IL-1b (10 ng/ml
medium) for 4 hours. Bovine IL-1b (Thermo Scientific, Rockford,
IL) was used in the experiments with BREC, human recombinant
IL-1b (R&D, Minneapolis, MN) was used in the experiments with
RMC, RA, and RMG. In some experiments, RMG pre-incubated
in serum-free medium as above, were stimulated with LPS at
1 mg/ml medium (from E. Coli, Sigma).
Animals
Sprague-Dawley male rats (5 weeks of age; Taconic Farms) were
randomly assigned to a diabetic and a control group. Induction of
diabetes with streptozotocin (55 mg/kg body weight) and treat-
ment of diabetic rats with maintenance insulin were as described
[10]. Diabetic rats and age-matched non-diabetic control rats were
studied at different time points from the induction of diabetes
(from 1.5 to 5 months). Rats assigned to quantification of IL1b –
RNA and protein (ELISA) – were killed by CO2 inhalation, the
eyes immediately removed and the retinas dissected and processed
for the isolation of whole retina RNA and proteins or for the
isolation of retinal vessels. To avoid artifact due to plasma a2-
macroglobulin and ceruloplasmin, rats assigned to the isolation of
retinal proteins for western blotting were perfused through the left
ventricle with phosphate buffered saline under deep anesthesia as
previously described [10]. To assess the severity of diabetes, blood
was collected at the time of death by cardiac puncture for the
measurement of glycated hemoglobin (A1C) as previously de-
scribed [10]. For the group with the shorter duration of diabetes
(1.5 months) severity of diabetes was assessed by measuring blood
glucose levels. The characteristics of the diabetic and control rats
are summarized in table 1.
Table 1. Characteristics of study rats.
Study
duration group n
body
weight (g)
glycemia
(mg/dl) A1C (%)
1.5 months diabetes 8 308620* 6336138* —
control 8 492642 2066100 —
2.5–3 months diabetes 19 382630* — 15.762.6*
control 19 561669 — 5.861.0
4.5–5 months diabetes 27 401671* — 16.061.8*
control 27 605663 — 6.161.0
*P,0.0001 vs control.
doi:10.1371/journal.pone.0036949.t001
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Rat retinal vessels were isolated by hypotonic lysis of the fresh
retina as previously described [34,35]. As previously documented,
this method yields the retinal vascular network free of glia and
neural contamination [35].
RNA isolation and RealTime RT-PCR analysis
Total RNA from cultured cells, whole retinas, and retinal
vessels, was isolated using the RNeasy mini kit (Qiagen, Valencia,
CA) following the on-column DNase digestion protocol [34].
Relative expression of IL-1b and IL1R1 in cultured cells, IL-1b in
retinal vessels, and IL-1b, IL-6, and TNF-a in whole retinas was
determined by RealTime RT-PCR using the comparative DDCt
method as described [10,34]. Primers and probe sets for bovine
IL-1b and b-actin are listed in Table S1, those for rat IL-1b,
IL1R1, IL-6, TNF-a, and b-actin were from Applied Biosystems
(Life Technologies, Carlsbad, CA).
Immunoblotting and ELISA
Preparation of retinal protein lysates and immunoblotting for
a2-macroglobulin, ceruloplasmin, GFAP, and b-actin were
performed as described [10,23,34]. IL-1b protein levels were
quantified by colorimetric sandwich ELISA (Rat IL1b Quantikine,
R&D Systems, Minneapolis, MN). Each samples was assayed in
duplicate using 50 mg of total protein per well.
Statistical Analysis
Data are summarized as means 6 SD and analyzed by
unpaired Student’s t test for two groups comparison or ANOVA
followed by Fisher’s protected least significant differences test for
multiple groups comparisons. Analysis of the PMA dose response
effect (p for trend) was performed by linear regression using IL-1b
as the dependent variable and the PMA concentration as the
independent variable. Statistical analysis was performed with
StatView 5.0 (SAS Institute, Cary, NC). A P value#0.05 was
considered as evidence of a statistically significant difference
between groups.
Results
HG induces IL-1b expression in retinal vascular
endothelial cells but not in Mu ¨ller cells, astrocytes, or
microglia
Retinal vascular endothelial and Mu ¨ller cells have been shown
to upregulate IL-1b when exposed to high glucose concentration.
To test whether high glucose has a similar effect also on astrocytes
and microglia, we compared IL-1b expression in BREC, RMC,
RA, and RMG exposed to NG and HG. Under basal culture
conditions (NG), IL-1b mRNA was detected in all four cell types
examined. Exposure to HG for 4 days resulted in a significant
upregulation of IL-1b in BREC (3 fold increase vs NG, P=0.0001)
(Fig. 1). The levels of IL1b expression in BREC exposed to
equimolar mannitol or L-glucose were not different from those in
control cells (NG), excluding increased osmolarity as the cause of
the changes induced by HG. At difference with BREC, there was
no effect of HG on IL-1b expression in Mu ¨ller cells, astrocytes,
and microglia neither after 4 days (Fig. 1) nor after longer
exposure (7 days, not shown).
Inhibition of PKC prevents the HG-induced upregulation
of IL-1b in BREC
Upregulation of IL-1b in both aortic and retinal endothelial
cells has been described, but the mechanisms underlying the effect
of HG are not known. In monocytes, protein kinase C (PKC)
activation is sufficient to induce IL-1b expression [36] and
upregulation of IL-1b by HG has been reported to occur via
a PKC-dependent mechanism [24]. Thus, we studied whether
PKC activation is sufficient to induce IL-1b expression in retinal
endothelial cells, and whether this mediates the effect of HG on
IL-1b expression in these cells. Stimulation of BREC with PMA
led to a significant, dose-dependent upregulation of IL-1b (Fig. 2A).
The degree of IL-1b induction by PMA (relative expression:
3.062.6 PMA 10 nM and 5.766.1 PMA 30 nM vs 1.060.2 in
control), albeit variable among different isolates, was comparable
to that of HG. Addition of calphostin C, a non-selective PKC
inhibitor, to BREC cultured in HG prevented the HG-induced
upregulation of IL-1b (relative expression: 1.661.1 in HG+cal-
phostin C vs 4.163 in HG, P=0.04, and 1.060.01 in NG,
P=0.6. HG vs NG, P=0.014) (Fig. 2B). At the concentration
used, calphostin C had no effect on cell viability and morphology
(Fig. S2).
IL-1b is upregulated in retinal vessels of diabetic rats
The finding that of the different cell types tested only retinal
microvascular endothelial cells upregulated IL-1b when cultured
in HG pointed to the retinal vascular endothelium as a primary
source of IL-1b in diabetes. To test whether the retinal vessels are
a source of IL-1b we examined IL-1b expression in isolated retinal
vessels of diabetic rats and age-matched control rats. As shown in
figure 3, IL-1b mRNA levels are significantly increased in the
retinal vessels of diabetic rats as compared to control rat (2.5 fold
vs NG, P=0.035).
IL-1b induces its own synthesis in BREC, Mu ¨ller cells, and
astrocytes; but not in microglia
IL-1b is known to induce its own synthesis via autocrine and
paracrine autostimulation, a mechanism that magnifies upregula-
Figure 1. Effect of high glucose on IL-1b expression in retinal
endothelial, macroglial, and microglial cells. Confluent culture of
bovine retinal vascular endothelial cells (BREC), rat Mu ¨ller cells (RMC),
astrocytes (RA), and microglia (RMG) were exposed to normal glucose
(5.5 mM, NG) or high glucose (25 mM glucose, HG) for 4 days.
Equimolar mannitol (M) and L-glucose (L-G) (BREC only) were used as
osmolar control. Total RNA was extracted and IL-1b mRNA levels were
assayed by quantitative RealTime RT-PCR. Relative expression of IL-1b
mRNA was calculated by the comparative CT method using b-actin as
endogenous control (DDCT method). Bars represent mean 6 SD of the
results obtained in independent experiments form 5 isolates of BREC
(each tested in multiple experiments comparing NG, HG, and M. L-G
was tested in three experiments, each using a different isolate), and 3
isolates of RMC, RA, and RMG. BREC: NG, HG, and M, n=14, L-G, n=3;
RMC: NG, HG, and M, n=4; RA: NG and HG, n=5, M n=2; RMG: NG and
HG, n=4, M n=2.
doi:10.1371/journal.pone.0036949.g001
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be operative in the diabetic retina, we measured the expression of
IL-1b in BREC, RMC, RA, and RMG after stimulation with
recombinant IL-1b. Treatment with IL-1b led to a significant
upregulation of IL-1b in BREC (400 fold increase vs untreated,
P=0.003), Mu ¨ller cells (900 fold increase vs untreated, P=0.05),
and astrocytes (7 fold increase vs untreated control, P=0.024), but
not in microglia (Fig. 4A). Because microglial cells failed to
upregulate IL-1b in response to both high glucose and exogenous
IL-1b, we used LPS to test the responsiveness of the cells to IL-1b-
inducing stimuli. As shown in figure 4B, treatment with LPS led to
a significant upregulation of IL-1b in the isolated microglia (26
fold increase vs untreated, P,0.0001). To determine whether the
levels of expression of the IL-1b receptor could account for the
different response of macroglial and microglial cells to IL-1b
autostimulation, we compared the basal expression of IL1R1 in
the different glial cell types. As shown in Fig. 5A although IL1R1
was detectable by quantitative RT-PCR in both microglia and
macroglia, the levels of expression were $100 fold lower in
microglial cells than in Mu ¨ller cells or astrocytes. Pre-incubation of
microglial cells in serum-free medium did not alter the expression
of IL1R1 (Fig. 5B).
Upregulation of IL-1b in the diabetic retina is associated
temporally and quantitatively with glial activation
To learn about the possible relevance of IL-1b autostimulation
in the diabetic retina in vivo, we studied the time course of IL-1b
expression and its temporal relationship with the development of
glial reactivity. IL-1b is a known inducer of glial activation. In the
rat retina, IL-1b expression began to increase between 1.5 and 2.5
months after the onset of diabetes and continued to increase at
later time points (Fig. 6A). At variance with IL-1b, the retinal
expression of IL-6 and TNF-a was not changed in diabetes at any
of the time points tested (Fig. S3). The increased transcription of
IL-1b in the diabetic retina was associated with increased synthesis
of the protein (6 fold vs control, P=0.0007) (Fig. 6B). The time
course of GFAP, a2-macroglobulin, and ceruloplasmin over-
expression in the retina of diabetic rats was similar to that of IL-1b
(Fig. 6C and 6D) with no changes as compared to control rats at
1.5 months from the induction of diabetes and a significant
upregulation after 3 months of diabetes.
Discussion
Our findings point to IL-1b as a trigger and propagator of
retinal neuroinflammation in diabetes. This dual role of IL-1b is
suggested by the in vitro observations that high glucose induces IL-
1b in retinal vascular endothelial cells and IL-1b induces its own
synthesis in retinal vascular endothelial cells, Mu ¨ller cells, and
astrocytes, combined with the in vivo observation that IL-1b
upregulation in the diabetic retina increases progressively in
relation to the duration of diabetes. Based on these data, we
envision a scenario in which retinal upregulation of IL-1b in
diabetes initiates in the vascular endothelium as a direct effect of
hyperglycemia, and the secreted IL-1b stimulates in an autocrine
and paracrine manner endothelial and macroglia cells, which
respond not only with signs of activation but also with enhanced
synthesis of IL-1b, thereby magnifying the features of neuroin-
flammation.
The high glucose-induced upregulation of IL-1b mRNA in
retinal vascular endothelial cells is consistent with the observation
by Kowluru et al of increased IL-1b protein levels in BREC
exposed to high glucose [26]. However, Busik et al did not observe
any effect of high glucose on the activation of ICE/caspase-1 and
secretion of IL-1b in HREC [28]. Although this finding indicates
that high glucose alone is not sufficient to increase processing and
Figure 2. Effects of PKC inhibition on HG-induced IL-1b upregulation in BREC. (A) Effect of PKC activation on IL-1b expression. Confluent
cultures of BREC (NG medium) were stimulated with PMA (10 and 30 nM) for 4 hours. Total RNA was extracted and IL-1b mRNA levels were assayed
by quantitative RealTime RT-PCR. Bars represent mean 6 SD of the results obtained in three different isolates tested in independent experiments.
n=9/group (B) Confluent cultures of BREC were exposed to NG, HG, or HG in the presence of the non-selective PKC inhibitors calphostin C (CalC,
50 mM) for 4 days. Total RNA was extracted and IL-1b mRNA levels were assayed by quantitative RealTime RT-PCR. Bars represent mean 6 SD of the
results obtained in three different isolates tested in independent experiments. n=6/group.
doi:10.1371/journal.pone.0036949.g002
Figure 3. Upregulation of IL-1b in retinal vessels in diabetes.
Retinal vessels were isolated by hypotonic lysis from diabetic rats (D, 5
months of diabetes duration) and age-matched control rats (C). IL-1b
mRNA levels were quantified by RealTime RT-PCR. Bars represent mean
6 SD of the results obtained in the indicated number of rats.
doi:10.1371/journal.pone.0036949.g003
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those authors and, thus, an effect of high glucose on IL-1b
synthesis in HREC could not be excluded. Our finding of
increased IL-1b expression in rat retinal vessels in diabetes
indicates that retinal vascular cells are a source of IL-1b in vivo.
While the analysis of isolated retinal vessels does not permit to
discriminate between endothelial cells and pericytes/vascular
smooth muscle cells as the source of IL-1b, the HG-induced
upregulation of the cytokine in cultured endothelial cells proposes
vascular endothelium as a cellular source of IL-1b overexpression
in response to hyperglycemia.
The mechanisms of IL-1b induction in response to bacterial
endotoxins or IL-1b itself are well characterized [37], but the
signaling pathways linking high glucose to IL-1b upregulation are
still poorly understood. The only available data are from studies of
monocytes demonstrating that the induction of IL-1b by high
glucose is mediated in these cells by a PKCa-dependent activation
of p38MAPK, ERK, and NF-kB [24]. PKC activation has been
shown to occur in retinal endothelial cells exposed to high glucose
[38] as well as in the diabetic retina [39,40], and has been
proposed as a mechanism underlying endothelial dysfunction in
diabetes. Our findings of IL-1b upregulation by the PKC agonist
PMA and prevention of the HG-induced IL-1b upregulation in
BREC by calphostin C point to upregulation of IL-1b as
a potential link between PKC activation and vascular dysfunction
in diabetes.
In contrast to the effect on BREC, high glucose did not lead to
upregulation of IL-1b in microglia and macroglia. In cerebral
Figure 4. IL-1b autostimulation in retinal endothelial, macroglial, and microglial cells. (A) Effect of IL-1b on IL-1b expression. Confluent
culture of BREC, RMC, RA, and RMG were pre-incubated in serum-free medium for 24 hours before stimulation with rIL-1b (bovine rIL-1b for BREC;
human rIL-1b for RMC, RA and RMG) at 10 ng/ml of medium. Cells were harvested after 4 hours and IL-1b mRNA levels were assayed by quantitative
RealTime RT-PCR. Bars represent mean 6 SD of the results obtained from different isolates of each cell type. BREC, RMC, and RA: n=3, RMG: n=4. (B)
Effect of LPS on IL-1b expression in microglia. RMG confluent cultures were pre-incubated in serum-free medium for 24 hours before stimulation with
LPS at 1 mg/ml of medium for 4 hours. The expression of IL-1b was determined by RealTime RT-PCR. Bars represent mean 6 SD of the results
obtained from two isolates.
doi:10.1371/journal.pone.0036949.g004
Figure 5. Differential expression of IL1R1 in rat microglial and macroglial cells. (A) Rat microglia (RGM), Mu ¨ller cells (RMC), and astrocytes
(RA) were cultured in NG medium for 4 days. Total RNA was extracted and IL1R1 mRNA levels were assayed by quantitative RealTime RT-PCR. IL1R1
expression in Mu ¨ller cells and astrocytes was calculated relative to the expression in microglia by the comparative DDCT method using the mean DCT
obtained in microglial cells as the calibrator. Bars represent mean 6 SD of the results obtained from 2–3 isolates per cell type. RMG: n=6, RMC: n=2,
RA: n=6. (B) IL1R1 expression in microglia cultured in serum-free medium. RMG, cultured in normal medium (10% FBS) (S) until confluency, were
switched to serum-free medium (SF) for 24 hours before harvesting. Cells cultured in basal medium for the duration of the experiment were used as
control. The expression of IL1R1 was determined by RealTime RT-PCR. Bars represent mean 6 SD of the results obtained in three different isolates
tested in independent experiments. n=5/group.
doi:10.1371/journal.pone.0036949.g005
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a primary source of IL-1b [41], but extensive evidence indicates
that the initial cellular source of IL-1b in response to CNS injuries
is activated microglia with subsequent upregulation of the cytokine
in macroglia [13]. In the diabetic retina, microglia activation
precedes the occurrence of neuronal death [7] and high glucose
has been shown to induce IL-1b expression in monocytes [24].
These observations would suggest that microglial cells could
contribute to the hyperglycemia-induced upregulation of IL-1b.
However, our data, showing that high glucose is not sufficient to
induce IL-1b overexpression in microglial cells, are against this
hypothesis. One caveat in interpreting these results is that we
performed the study using brain-derived microglial cells and, thus,
we cannot exclude a direct effect of high glucose on IL-1b
expression that is specific to the retinal microglia.
As in microglial cells, high glucose had no effect on IL-1b
expression in astrocytes and in Mu ¨ller cells. The latter finding is at
variance with previous reports of increased secretion of IL-1b by
retinal Mu ¨ller cells exposed to high glucose [26,27]. Although an
effect of high glucose on IL-1b expression has not been previously
studied in astrocytes, increased secretion of IL-1b has been
described for retinal Mu ¨ller cells [27,28]. A possible explanation
for the discrepancy between our finding and those reports is that
we measured IL-1b mRNA levels after a prolonged exposure to
high glucose, whereas previous studies measured IL-1b protein
secretion after a short exposure to high glucose. Under such
circumstances, high glucose could have accelerated the processing
of a pre-existing pool of pro-IL1b without changes in gene
expression. Indeed, processing of pro-IL-1b followed by secretion
of the mature protein has been proposed as the mechanism for the
rapid release of IL-1b independent of de novo protein synthesis
following traumatic brain injuries [42].
IL-1b can induce his own synthesis in an autocrine and
paracrine fashion, a mechanism that is thought to propagate and
amplify the inflammatory response [43]. Indeed, IL-1b-induced
IL-1b synthesis has been previously described in human macro-
vascular endothelial cells [14] and other cell types [15–18]. In this
study, we found that IL-1b induces IL-1b expression also in retinal
microvascular endothelial cells, Mu ¨ller cells, and, albeit to a lesser
extent, astrocytes. The IL-1b-mediated induction of IL-1b
observed in BREC and Mu ¨ller cells suggests that the glucose-
mediated increase of IL-1b in retinal endothelial cells might lead
to further increase of IL-1b in the diabetic retina by autocrine and
paracrine self-amplification of IL-1b expression in endothelial and
macroglial cells. The occurrence of an IL-1b-driven IL-1b
overexpression in the diabetic retina is supported by the pro-
gressive, disease duration-dependent increase of IL-1b mRNA –
from 1.6 fold at 2.5 months and 2.5 fold at 4.5 months in this
study, to 10 folds at 6 months of diabetes in our previous study
[10]– a temporal pattern of IL-1b upregulation consistent with
a positive feed-back effect of IL-1b itself.
At variance with the observation in endothelial and macroglial
cells, we did not find evidence of IL-1b autostimulation in
microglia. In neuroinflammation, activated microglia is recognized
as the major cellular source of IL-1b. However, whether microglial
cells are a target of the cytokine and whether IL-1b induces its own
Figure 6. Effect of diabetes duration on the retinal expression of IL-1b and markers of glial reactivity. All experiments were conducted
in diabetic (D) and age-matched control (C) rats. (A) Time course of IL-1b upregulation in relation to diabetes duration. IL-1b mRNA levels in the retina
were quantified by RealTime RT-PCR. Bars represent mean 6 SD of the results obtained in the indicated number of rats at each time point tested. (B)
Increased protein levels of IL-1b protein in the retina in diabetes. IL-1b protein was quantified by ELISA at 5 months of diabetes duration. Bars
represent mean 6 SD of the results obtained in the indicated number of rats. (C) Time course of GFAP, a2-macroglobulin (a2M), and ceruloplasmin
(Cp) expression. Protein levels were quantified by western blot analysis of whole retina lysates. Data are expressed as densitometric units per mgo f
protein. Bars represent mean 6 SD. n=4 rats/group at 1.5 months and 9 rats/group at 3 months. (D) Representative Western blots of GFAP, a2M, and
Cp at 3 months of diabetes duration. b-actin was used as control for gel loading.
doi:10.1371/journal.pone.0036949.g006
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to induce its own synthesis in human fetal microglial cells [45] but
not in mouse neonatal microglia [46]. We have now found that,
similarly to mouse microglia, rat microglial cells do not upregulate
IL-1b in response to IL-1b, but do so when stimulated with LPS.
Since IL1R1 and TLR4 – the LPS receptor – share the same
downstream signaling molecules [47], IL-1b induction by LPS
indicates that the IL1R1/TLR signaling pathway is functional in
these cells and that the failure of IL-1b to induce IL-1b in rat
microglia is most likely due to the low expression of IL1R1.
IL-1b induces gliosis in vivo [48] and, in vitro, stimulation of
astrocytes with IL-1b leads to upregulation or de-novo synthesis of
several of the genes known to be regulated in reactive glia [49].
Glial reactivity is a key component of neuroinflammation and
retinal glial reactivity is a well documented early feature of both
human and experimental diabetic retinopathy [5,6]. Our previous
investigation of the reactive phenotype of Mu ¨ller cell in rats with 6
months of diabetes identified the upregulation/induction of a2-
macroglobulin, ceruloplasmin, and other acute-phase proteins as
a major component of Mu ¨ller cells reactivity [10]. The upregula-
tion of acute-phase proteins was associated with retinal upregula-
tion of IL-1b, but not of TNF-a or IL-6 [10]. In this study, we
observed that the retinal expression of GFAP and acute-phase
proteins increases in relation to diabetes duration with a pattern
similar to that of IL-1b upregulation. Similar to our previous study
of rats with longer disease duration, we did not find changes in the
retinal expression of TNF-a, which is in contrast with other reports
in the literature. However, in two of those other reports [50,7], the
observation of increased retinal TNF-a in response to diabetes was
made after 1 or 2 weeks of diabetes and such increase could have
been secondary to the initial acute metabolic imbalance after the
induction of diabetes or to streptozotocin toxicity. In other two
reports [51,52], the increase in TNF-a was found in rats with
durations of diabetes similar to those of our studies. One possible
explanation for the discrepancy between those results and ours is
the treatment of diabetic rats. To prevent weight loss and permit
weight gain while maintaining hyperglycemia, the animals in our
studies were treated with small doses of insulin from the onset of
diabetes, whereas it appears that the animals in those other studies
were not insulin treated. While our finding does not prove
causality between upregulation of IL-1b and macroglial activation,
the temporal association between upregulation of acute-phase
proteins and IL-1b without changes of IL-6 and TNF-a proposes
IL-1b as a candidate mediator of glial activation in the diabetic
retina.
In summary, our findings point to hyperglycemia as the trigger
and to the vascular endothelium as the origin of the initial increase
of IL-1b expression in the diabetic retina, and to IL-1b itself, via
autocrine/paracrine autostimulation in endothelial and glial cells,
as the mechanism of sustained retinal upregulation of this
cytokine. Because of the role that IL-1b can have in the
development of retinal glial activation and endothelial dysfunction
in diabetes, interrupting the vicious circle triggered by IL-1b
autostimulation could be a mechanism to limit the progression of
diabetic retinopathy.
Supporting Information
Table S1 Primers and probe sets for RealTime RT-PCR
analysis of IL-1b in BREC.
(PDF)
Figure S1 Characterization of BREC, RMG, RA, and RMC
isolates.
(PDF)
Figure S2 Calphostin C does not affect BREC viability.
(PDF)
Figure S3 Diabetes does not alter the expression of IL-6 and
TNF-a in the retina.
(PDF)
Acknowledgments
The authors thank Mara Lorenzi for comments and suggestions, and
Michael Goodridge and Joseph Vaz for technical assistance.
Author Contributions
Conceived and designed the experiments: YL CG. Performed the
experiments: YL MBC CG. Analyzed the data: YL CG. Wrote the paper:
YL CG.
References
1. Saydah SH, Fradkin J, Cowie CC (2004) Poor control of risk factors for vascular
disease among adults with previously diagnosed diabetes. JAMA 291: 335–342.
2. Hoerger TJ, Segel JE, Gregg EW, Saaddine JB (2008) Is glycemic control
improving in U.S. adults? Diabetes Care 31: 81–86.
3. Zhang X, Saaddine JB, Chou CF, Cotch MF, Cheng YJ, et al. (2010) Prevalence
of diabetic retinopathy in the United States, 2005–2008. JAMA 304: 649–656.
4. Kern TS (2007) Contributions of inflammatory processes to the development of
the early stages of diabetic retinopathy. Exp Diabetes Res 2007: 95103. 95103 p.
5. Mizutani M, Gerhardinger C, Lorenzi M (1998) Mu ¨ller cell changes in human
diabetic retinopathy. Diabetes 47: 445–449.
6. Rungger-Brandle E, Dosso AA, Leuenberger PM (2000) Glial reactivity, an early
feature of diabetic retinopathy. Invest Ophthalmol Vis Sci 41: 1971–1980.
7. Krady JK, Basu A, Allen CM, Xu Y, LaNoue KF, et al. (2005) Minocycline
reduces proinflammatory cytokine expression, microglial activation, and
caspase-3 activation in a rodent model of diabetic retinopathy. Diabetes 54:
1559–1565.
8. McLeod DS, Lefer DJ, Merges C, Lutty GA (1995) Enhanced expression of
intracellular adhesion molecule-1 and P-selectin in the diabetic human retina
and choroid. Am J Pathol 147: 642–53.
9. Miyamoto K, Khosrof S, Bursell SE, Rohan R, Murata T, et al. (1999)
Prevention of leukostasis and vascular leakage in streptozotocin-induced diabetic
retinopathy via intercellular adhesion molecule-1 inhibition. Proc Natl Acad Sci
USA 96: 10836–10841.
10. Gerhardinger C, Costa MB, Coulombe MC, Toth I, Hoehn T, et al. (2005)
Expression of acute-phase response proteins in retinal Mu ¨ller cells in diabetes.
Invest Ophthalmol Vis Sci 46: 349–357.
11. Chakrabarti S, Cukiernik M, Hileeto D, Evans T, Chen S (2000) Role of
vasoactive factors in the pathogenesis of early changes in diabetic retinopathy.
Diabetes Metab Res Rev 16: 393–407.
12. Dinarello CA (1996) Biologic basis for interleukin-1 in disease. Blood 87:
2095–147.
13. Rothwell NJ, Luheshi GN (2000) Interleukin 1 in the brain: biology, pathology
and therapeutic target. Trends Neurosci 23: 618–625.
14. Warner SJ, Auger KR, Libby P (1987) IL-1 induces IL-1. II. Recombinant
human IL-1 induces IL-1 production by adult human vascular endothelial cells.
J Immunol 139: 1911–1917.
15. Warner SJ, Auger KR, Libby P (1987) Human interleukin 1 induces interleukin
1 gene expression in human vascular smooth muscle cells. J Exp Med 165:
1316–1331.
16. Toda Y, Tsukada J, Misago M, Kominato Y, Auron PE, et al. (2002) Autocrine
induction of the human pro-IL-1b gene promoter by IL-1b in monocytes.
J Immunol 168: 1984–91.
17. Dalton BJ, Connor JR, Johnson WJ (1989) Interleukin-1 induces interleukin-1a
and interleukin-1b gene expression in synovial fibroblasts and peripheral blood
monocytes. Arthritis Rheum 32: 279–287.
18. Bo ¨ni-Schnetzler M, Thorne J, Parnaud G, Marselli L, Ehses JA, et al. (2008)
Increased interleukin (IL)-1b messenger ribonucleic acid expression in b-cells of
individuals with type 2 diabetes and regulation of IL-1b in human islets by
glucose and autostimulation. J Clin Endocrinol Metab 93: 4065–4074.
19. Kowluru RA, Odenbach S (2004) Role of interleukin-1b in the development of
retinopathy in rats: effects of antioxidants. Invest Ophthalmol Vis Sci 45:
4161–4166.
IL-1b in Retinopathy Effect of Glucose and IL-1b
PLoS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | e3694920. Carmo A, Cunha-Vaz JG, Carvalho AP, Lopes MC (2000) Nitric oxide synthase
activity in retinas from non-insulin-dependent diabetic Goto-Kakizaki rats:
correlation with blood-retinal barrier permeability. Nitric Oxide 4: 590–596.
21. Mohr S, Xi X, Tang J, Kern TS (2002) Caspase activation in retinas of diabetic
and galactosemic mice and diabetic patients. Diabetes 51: 1172–1179.
22. Vincent JA, Mohr S (2007) Inhibition of caspase-1/interleukin-1b signaling
prevents degeneration of retinal capillaries in diabetes and galactosemia.
Diabetes 56: 224–230.
23. Sun W, Gerhardinger C, Dagher Z, Hoehn T, Lorenzi M (2005) Aspirin at low-
intermediate concentrations protects retinal vessels in experimental diabetic
retinopathy through non-platelet-mediated effects. Diabetes 54: 3418–3426.
24. Dasu MR, Devaraj S, Jialal I (2007) High glucose induces IL-1b expression in
human monocytes: mechanistic insights. Am J Physiol Endocrinol Metab 293:
E337–346.
25. Asakawa H, Miyagawa J, Hanafusa T, Kuwajima M, Matsuzawa Y (1997) High
glucose and hyperosmolarity increase secretion of interleukin-1b in cultured
human aortic endothelial cells. J Diabetes Complications 11: 176–179.
26. Kowluru RA, Odenbach S (2004) Role of interleukin-1b in the pathogenesis of
diabetic retinopathy. Br J Ophthalmol 88: 1343–1347.
27. Yego EC, Vincent JA, Sarthy V, Busik JV, Mohr S (2009) Differential regulation
of high glucose-induced glyceraldehyde-3-phosphate dehydrogenase nuclear
accumulation in Mu ¨ller cells by IL-1b and IL-6. Invest Ophthalmol Vis Sci 50:
1920–1928.
28. Busik JV, Mohr S, Grant MB (2008) Hyperglycemia-induced reactive oxygen
species toxicity to endothelial cells is dependent on paracrine mediators.
Diabetes 57: 1952–1965.
29. Tham CS, Lin FF, Rao TS, Yu N, Webb M (2003) Microglial activation state
and lysophospholipid acid receptor expression. Int J Dev Neurosci 21: 431–443.
30. Ramsauer M, Krause D, Dermietzel R (2002) Angiogenesis of the blood-brain
barrier in vitro and the function of cerebral pericytes. Faseb J 16: 1274–1276.
31. Hicks D, Courtois Y (1990) The growth and behaviour of rat retinal Mu ¨ller cells
in vitro. 1. An improved method for isolation and culture. Exp Eye Res 51:
119–129.
32. Romeo G, Liu WH, Asnaghi V, Kern TS, Lorenzi M (2002) Activation of
nuclear factor-kB induced by diabetes and high glucose regulates a proapoptotic
program in retinal pericytes. Diabetes 51: 2241–224844.
33. Cagliero E, Roth T, Roy S, Maiello M, Lorenzi M (1991) Expression of genes
related to the extracellular matrix in human endothelial cells. Differential
modulation by elevated glucose concentrations, phorbol esters, and cAMP. J Biol
Chem 266: 14244–14250.
34. Gerhardinger C, Dagher Z, Sebastiani P, Park YS, Lorenzi M (2009) The
transforming growth factor-b pathway is a common target of drugs that prevent
experimental diabetic retinopathy. Diabetes 58: 1659–1667.
35. Dagher Z, Park YS, Asnaghi V, Hoehn T, Gerhardinger C, et al. (2004) Studies
of rat and human retinas predict a role for the polyol pathway in human diabetic
retinopathy. Diabetes 53: 2404–2411.
36. Hurme M, Serkkola E, Ronni T, Silvennoinen O (1990) Control of interleukin-
1b expression by protein kinase C and cyclic adenosine monophosphate in
myeloid leukemia cells. Blood 76: 2198–2203.
37. Gaestel M, Kotlyarov A, Kracht M (2009) Targeting innate immunity protein
kinase signaling in inflammation. Nat Rev Drug Discov 8: 480–499.
38. Park JY, Takahara N, Gabriele A, Chou E, Naruse K, et al. (2000) Induction of
endothelin-1 expression by glucose: an effect of protein kinase C activation.
Diabetes 49: 1239–1248.
39. Shiba T, Inoguchi T, Sportsman JR, Heath WF, Bursell S, et al. (1993)
Correlation of diacylglycerol level and protein kinase C activity in rat retina to
retinal circulation. Am J Physiol Endocrinol Metab 265: E783–793.
40. Geraldes P, Hiraoka-Yamamoto J, Matsumoto M, Clermont A, Leitges M, et al.
(2009) Activation of PKC-d and SHP-1 by hyperglycemia causes vascular cell
apoptosis and diabetic retinopathy. Nat Med 15: 1298–1306.
41. Zhang Z, Chopp M, Goussev A, Powers C (1998) Cerebral vessels express
interleukin 1b after focal cerebral ischemia. Brain Res 784: 210–217.
42. Fassbender K, Schneider S, Bertsch T, Schlueter D, Fatar M, et al. (2000)
Temporal profile of release of interleukin-1b in neurotrauma. Neurosci Lett 284:
135–138.
43. Weber A, Wasiliew P, Kracht M (2010) Interleukin-1 (IL-1) Pathway. Sci Signal
3: cm1.
44. Pinteaux E, Trotter P, Simi A (2009) Cell-specific and concentration-dependent
actions of interleukin-1 in acute brain inflammation. Cytokine 45: 1–7.
45. Lee SC, Liu W, Dickson DW, Brosnan CF, Berman JW (1993) Cytokine
production by human fetal microglia and astrocytes. Differential induction by
lipopolysaccharide and IL-1b. J Immunol 150: 2659–2667.
46. Pinteaux E, Parker LC, Rothwell NJ, Luheshi GN (2002) Expression of
interleukin-1 receptors and their role in interleukin-1 actions in murine
microglial cells. J Neurochem 83: 754–763.
47. Akira S (2003) Toll-like receptor signaling. J Biol Chem 278: 38105–38108.
48. Giulian D, Woodward J, Young DG, Krebs JF, Lachman LB (1988) Interleukin-
1 injected into mammalian brain stimulates astrogliosis and neovascularization.
J Neurosci 8: 2485–2490.
49. John GR, Lee SC, Song X, Rivieccio M, Brosnan CF (2005) IL-1-regulated
responses in astrocytes: relevance to injury and recovery. Glia 49: 161–176.
50. Joussen AM, Poulaki V, Mitsiades N, Kirchhof B, Koizumi K, et al. (2002)
Nonsteroidal anti-inflammatory drugs prevent early diabetic retinopathy via
TNF-a suppression. FASEB J 16: 438–440.
51. Ibrahim AS, El-Remessy AB, Matragoon S, Zhang W, Patel Y, et al. (2011)
Retinal microglial activation and inflammation induced by Amadori-glycated
albumin in a rat model of diabetes. Diabetes 60: 1122–1133.
52. Yang L, Sun H, Wu L, Guo X, Dou H, et al. (2011) Baicalein reduces
inflammatory process in a rodent model of diabetic retinopathy. Invest
Ophthalmol Vis Sci 50: 2319–2327.
IL-1b in Retinopathy Effect of Glucose and IL-1b
PLoS ONE | www.plosone.org 8 May 2012 | Volume 7 | Issue 5 | e36949